Organosulfur compounds have been established to possess anticancer effects. To provide a better understanding of the biological function of dimethyl sulfides, dimethyl monosulfide (Me 2 S), dimethyl disulfide (Me 2 S 2 ), dimethyl trisulfide (Me 2 S 3 ) and dimethyl tetrasulfide (Me 2 S 4 ) were used as experimental materials to investigate their effects on apoptosis induction in human leukemia Jurkat cells and HL-60 cells. Treatment with 20 M dimethyl sulfides for 24 h decreased the viability of both cells. The cell viability-reducing effect of these sulfides was in the following order: Me 2 S 4 Me 2 S 3 > Me 2 S 2 Me 2 S for Jurkat cells and Me 2 S 4 > Me 2 S 3 > Me 2 S 2 Me 2 S for HL-60 cells. Me 2 S 3 and Me 2 S 4 significantly induced DNA fragmentation and caspase-3 activation. The addition of GSH or NAC completely suppressed the sulfide-induced apoptosis. Our results indicate that dimethyl sulfides with a larger number of sulfur atoms more strongly induced apoptosis in both human leukemia cells via ROS production and caspase-3 activation.
Dimethyl sulfides are produced in a variety of plants such as garlic, mushroom and lychee. [1] [2] [3] Epidemiological studies have provided some convincing evidence that increased dietary consumption of garlic reduces the risk of cancer. 4) The anticancer effects of garlic are generally attributed to organosulfur compounds (OSCs) formed during garlic storage and processing, especially to allyl sulfides. 5) Numerous in vitro studies have shown antiproliferative and apoptotic effects of allyl sulfides on cancer cells. 6, 7) An intracellular redox environment has been suggested to modulate several cellular processes such as cell proliferation, apoptosis and survival. 8, 9) Oxidative stress induces the activation of caspases, a family of cysteine proteases that are involved in the induction of apoptosis. 10) Various leukemia cell lines are often used to elucidate the mechanism for apoptosis, since anti-cancer drugs or cytotoxic reagents are more effective on leukemia than on other cancer diseases.
11) Thus, we selected two kinds of human leukemia cell lines, leukemia promyelocytic HL-60 cells and leukemia Jurkat T cells, in this study.
Some studies on garlic sulfides have demonstrated a correlation between their biological potency and the number of sulfur atoms, 12) and other studies show that diallyl disulfide (DADS) induces apoptosis in human leukemia HL-60 cells through the production of reactive oxygen species (ROS) and subsequent activation of the caspase-3 pathway. 13) However, knowledge about the biological function of dimethyl sulfides has not been fully investigated.
We examined in this study the effects of dimethyl sulfide (Me 2 S), dimethyl disulfide (Me 2 S 2 ), dimethyl trisulfide (Me 2 S 3 ) and dimethyl tetrasulfide (Me 2 S 4 ) on the viability and induction of apoptosis in human leukemia Jurkat cells and HL-60 cells. Moreover, in order to clarify the involvement of ROS production in the apoptosis, the effects of the antioxidants, N-acetylcystine (NAC) and glutathione (GSH), on sulfideinduced apoptosis and caspase-3 activation were also examined.
Materials and Methods
Reagents. Dimethyl sulfide, dimethyl disulfide, dimethyl trisulfide and dimethyl tetrasulfide, each with a purity of more than 99%, were obtained from San-Ei Gen F.F.I. (Osaka, Japan). The structures of the dimethyl sulfides are shown in Fig. 1 Gibco-Invitrogen (CarIsbad, CA, USA). The protease inhibitor cocktail, catalase and N-acetylcysteine (NAC) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Tetrazolium salt (WST-1 reagent) and glutathione (GSH) were purchased from Wako Pure Chemical Industries (Osaka, Japan), and the caspase-3 substrate, acetyl-Asp-Glu-Val-Asp--(4-methyl-coumaryl-7-amide) (Ac-DEVD-MCA), was obtained from Peptide Inst. Inc. (Osaka, Japan).
Cell culture and treatment. Human promyelocytic leukemia HL-60 cells and human leukemia Jurkat cells were cultured in an RPMI-1640 medium supplemented with 10% (v/v) FBS, 50 U/ml of penicillin and 50 mg/ml of streptomycin at 37 C under 5% CO 2 and 95% air. All sulfides were dissolved in ethanol. Cells for the experiments were subcultured in a complete medium and treated with each reagent or vehicle (less than 0.5%, v/v). Cells for antioxidant experiments were treated with sulfides in the presence or absence of catalase, NAC, or GSH to determine the cell viability, or were pretreated with NAC or GSH for 30 min before the sulfide treatment to investigate DNA fragmentation and caspase-3 activity.
Determination of the cell viability. The cell viability was evaluated by using a colorimetric assay with tetrazolium salt WST-1 (the WST-1 assay).
14) Cells were treated with each sulfide in a 96-well plate, and then incubated for the indicated period. After the incubation, 10 ml of WST-1 was added to each well, and the plates were further incubated at 37 C under 5% CO 2 for 2 h. The cell viability was calculated according to the absorbance at 450 nm from a microplate reader (Nippon Bio-Rad, Tokyo, Japan).
DNA fragmentation. After a treatment, the cells were harvested, washed twice with ice-cold PBS (À) and then lysed in 100 ml of a hypotonic buffer containing 10 mM Tris-HCl (pH 7.4), 10 mM EDTA and 0.5% Triton X-100 on ice for 10 min. The cell lysate was centrifuged at 12,000 g for 20 min at 4 C. The supernatant was treated with RNase at 37 C for 1 h and then treated with proteinase K at 37 C for 1 h. DNA was precipitated by adding NaCl and isopropanol. The DNA was dissolved in a TE buffer and analyzed on agarose gel.
Determination of the intracellular ROS production. 2 0 ,7 0 -dichlorodihydrofluorescein diacetate (H 2 DCF-DA) was used as an intracellular fluorescence probe to measure intracellular ROS. Briefly, Jurkat cells were pre-treated with H 2 DCF-DA (50 mM) for 30 min at 37 C and then treated with a sulfide for 10 min. HL-60 cells were pre-treated with a sulfide for 30 min, before loading H 2 DCF-DA (50 mM) into HL-60 cells for 30 min at 37 C. The treated cells were washed twice with PBS(À). A flow cytometer (Coulter Epics XL, Beckman-Coulter Inc., Fullerton, CA, USA) was used to measure the fluorescence of DCF.
Determination of the caspase-3 activity. The sulfidetreated cells were washed twice with ice-cold PBS (À) and lysed in a lysis buffer containing 25 mM HEPES at pH 7.5, 5 mM EDTA, 5 mM EGTA, 1 mM MgCl 2 , 5 mM DTT, 1 mM PMSF, and a protease cocktail for 20 min on ice. After sonication, the lysate was purified by centrifugation for 20 min at 14000 rpm and frozen at À80 C until needed for the caspase-3 assay. Seventyfive micrograms of protein was mixed with a caspase-3 assay buffer containing 25 mM HEPES, 10% sucrose, 0.1% CHAPS and 10 mM DTT (pH 7.5) and then incubated at 37 C for 10 min. Ten micromoles of the fluorogenic peptide substrate, Ac-DEVD-MCA, was added to the mixture, and the release of amino-4-methylcoumarin (AMC) was monitored by an F-2500 spectrofluorometer (Hitachi, Tokyo, Japan), using an excitation wavelength of 380 nm and an emission wavelength of 460 nm.
Determination of intracellular glutathione. The glutathione content was determined by the slightly modified method of Hoque et al. 15) Briefly, the sulfide-treated cells were washed twice with ice-cold PBS (À) and lysed in a lysis buffer (50 mM KH 2 PO 4 and 5 mM EDTA at pH 8.0). After sonication, the lysate was centrifuged for 10 min at 12000 rpm. The supernatant was frozen at À80 C until needed for the subsequent assay. Fifty microliters of the sample solution was mixed with 100 ml of a reaction solution containing 2.8 ml of 1 mM 5,5 0 -dithiobis(2-nitrobenzoic acid) (DTNB), 3.75 ml of 1 mM NADPH, 5.85 ml of a 50 mM KH 2 PO 4 buffer with 5 mM EDTA (pH 8.0), and 4 units of glutathione reductase (GR). The total amount of glutathione was calculated from the absorbance at 415 nm according to a standard curve for GSSG as standard by a microplate reader (Nippon Bio-Rad, Tokyo, Japan).
Each value is expressed as the mean AE SD. A statistical analysis was performed by Student's t-test. A level of P < 0:05 is considered significant for all statistical data. 
Results

Dimethyl sulfide-induced apoptosis in Jurkat and HL-60 cells
We examined effect of dimethyl sulfides on the viability of Jurkat cells and HL-60 cells ( Fig. 2A and B Fig. 2A and B) .
To confirm the induction of cell death by Me 2 S 3 and Me 2 S 4 , we investigated the DNA fragmentation (Fig. 2C) . DNA fragmentation was significantly induced by a 24-h treatment with 20 mM of Me 2 S 3 and Me 2 S 4 , but not by a 24-h treatment with the same concentration of Me 2 S and Me 2 S 2 . These results suggest that dimethyl sulfides with a larger number of sulfur atoms were more capable of inducing apoptosis in leukemia cells and that Me 2 S 3 and Me 2 S 4 would be potential chemopreventive compounds to inhibit the proliferation of leukemia cells.
Oxidative stress is involved in the apoptosis induced by dimethyl trisulfide and dimethyl tetrasulfide in Jurkat and HL-60 cells
In order to clarify the mechanism for apoptosis induced by the dimethyl sulfides, we examined the intracellular ROS production induced by Me 2 S 3 and Me 2 S 4 at 20 mM. As shown in Fig. 3A , compared with the control (assigned as 1), the intracellular ROS level was significantly (P < 0:05) increased by Me 2 S 3 (1:28 AE 0:08-fold, Jurkat; 1:24 AE 0:03-fold, HL-60) and Me 2 S 4 (1:32 AE 0:14-fold, Jurkat; 1:38 AE 0:21-fold, HL-60).
We next investigated the effects of the antioxidants, N-acetylcystine (NAC), glutathione (GSH) and catalase, on the cell viability and DNA fragmentation. Note that since 1 mM of NAC and GSH slightly reduced the viability of Jurkat cells (data not shown), we treated Jurkat cells with 0.1 mM of NAC or GSH. Figure 3B and D show that NAC and GSH completely suppressed the reduction in cell viability by Me 2 S 3 and Me 2 S 4 , and that catalase, although not completely, significantly increased the cell viability suppressed by Me 2 S 3 and Me 2 S 4 in both Jurkat and HL-60 cells. In addition, a pretreatment with NAC or GSH also completely suppressed the DNA fragmentation induced by Me 2 S 3 and Me 2 S 4 ( Fig. 3C and E) . These results suggest that Me 2 S 3 -and Me 2 S 4 -induced cell apoptosis was mainly due to oxidative stress, which is at least partly attributed to H 2 O 2 in Jurkat and HL-60 cells. 
Caspase-3 activation is involved in the apoptosis induced by dimethyl trisulfide and dimethyl tetrasulfide in Jurkat and HL-60 cells
On the basis of the data obtained from DNA fragmentation, we next investigated the possible role of caspases in the induction of apoptosis. Caspase-3 is one of the essential molecules for propagation of the apoptotic signal after exposure to many DNA-damaging agents. 16 Me 2 S 3 and Me 2 S 4 significantly increased the caspase-3 activity by 7.6-and 16.5-fold for Jurkat cells, respectively, and by 1.6-and 3.5-fold for HL-60 cells, respectively ( Fig. 4A and B) . NAC and GSH completely suppressed the activation of caspase-3 activity in nontreated cells. These results indicate that caspase-3 activation was involved in the Me 2 S 3 and Me 2 S 4 -induced apoptosis in Jurkat and HL-60 cells.
Intracellular glutathione is up-regulated by dimethyl tetrasulfide in Jurkat and HL-60 cells
GSH represents the most important physiological antioxidant, either by directly reacting with ROS or indirectly preserving the cysteine residues of proteins from irreversible oxidation. We measured the content of intracellular GSH in order to investigate the involvement of this redox system in Jurkat and HL-60 cells treated with Me 2 S 4 . Treatment with Me 2 S 4 at 20 mM significantly increased the intracellular GSH content in Jurkat cells (Fig. 5) , but not in HL-60 cells. These results suggest that an increase of intracellular GSH level would be implicated in the compensatory mechanism in response to the stress in Jurkat cells induced by Me 2 S 4 .
Discussion
We have indicated in the present study to our knowledge, for the first time, the differential effects of dimethyl sulfides on the induction of apoptosis in human leukemia cell lines. We found that the number of sulfur atoms in the structure of dimethyl sulfides determined their modulatory activities toward induction of apoptosis. This apoptosis was associated with an increase in intracellular ROS production and subsequent caspase-3 activation.
Such sulfhydryl reductants as NAC and GSH act as radical scavengers protecting a biological system against oxidative stress. This study found that Me 2 S 3 -and Me 2 S 4 -induced cell apoptosis was completely counteracted by GSH and NAC, suggesting that the redox status played an important role in the suppression of cell viability by dimethyl sulfides. However, catalase only showed a slight protective effect on the reduction of cell viability by Me 2 S 3 and Me 2 S 4 , suggesting hydrogen peroxide (H 2 O 2 ) production in the extracellular space partly contributed to this redox status change or that ROS other than H 2 O 2 , such as lipid peroxide, contributed to the change.
It has been suggested that diallyl disulfide (DADS) may represent an oxidizing agent able to induce oxidative stress-mediated cell death by the production of H 2 O 2 .
13) Filomeni et al. 17) have also demonstrated that ROS production was rapidly induced by a treatment with DADS which was associated with activation of the mitochondrial pathway. Das et al. 18) have demonstrated that garlic compounds such as diallyl sulfide (DAS), diallyl disulfide (DADS), and diallyl trisulfide (DATS) triggered ROS production, and induced apoptosis by elevating the intracellular Ca kinase (MAPK), and down-regulating the Bcl-2 expression in glioblastoma cells. In addition, Hosono et al. 19) have found that DATS induced oxidative modification of specific cysteine residues in the -tubulin molecule to form S-allylmercaptocysteine and that this could be the sole cause of cell cycle arrest and successive apoptosis with activation of caspase-3 in human colon cancer cells. They have recently demonstrated that DATS-induced microtubule disarrangement and the resulting cell-cycle arrest were completely counteracted by such sulfhydryl reagents as L-cysteine, GSH and NAC, suggesting that exogenous DATS modifies the growth-related proteins at their sulfhydryl groups in the cysteine residues of cellular proteins. 20) The dimethyl trisulfide and tetrasulfide, which also have an -S-S-bond in their structures, may exert a similar effect on the induction of apoptosis to that of DADS and DATS.
Our previous report has indicated a significant acceleration effect of dimethyl tetrasulfide on the degradation of carotenoids under UVA irradiation which was mediated by free radicals. 21) This reaction raises the possibility that dimethyl sulfides possess pro-oxidative activity. Our previous study found that sulfides had an accelerative effect on the degradation of carotenoids under UVA irradiation which depended on the number of sulfur atoms.
22) The present study also indicates that the apoptosis-induction effect of dimethyl sulfides was also related to the number of sulfur atoms, being consistent with the previous report, 19) suggesting that the cytotoxicity of dimethyl sulfides may depend on the reactivity of sulfur atoms with such cellular components as cysteine.
We also found that a treatment with Me 2 S 4 ( Fig. 5) or Me 2 S 3 (data not shown) increased the intracellular glutathione level in Jurkat cells. These results are consistent with other reports demonstrating that OSCs exert a positive effect as antioxidants against the oxidative stress that is often associated with an increase in the intracellular reduced glutathione content. 23, 24) Although the depletion of intracellular GSH is considered to be the best evidence to prove excess ROS production in cells, the responsibility of the GSH content for dimethyl sulfide-induced ROS production is still uncertain. Our data enable us to speculate that the acute intracellular ROS production induced by sulfides might be one of the triggers for GSH accumulation.
Our present study has demonstrated that HL-60 cells were more sensitive to the cytotoxic effect of dimethyl sulfides than Jurkat cells. This finding is consistent with an other report showing that HL-60 but not Jurkat cells showed a significant increase in the number of apoptotic cells after a combination treatment with a low concentration of dexamethasone and aminophylline. 25) Dimethyl tetrasulfide significantly affected the intracellular glutathione level in HL-60 cells, but not in Jurkat cells. This difference may result in the fundamental difference in the metabolism of Me 2 S 4 , which was involved in radical reactions with the myeloperoxidase, an enzyme that is abundant in HL-60 cells. 26) Taken together, our observations indicate that Me 2 S 3 and Me 2 S 4 induced the generation of reactive oxygen species, and that subsequent caspase-3 activation initiated apoptosis in Jurkat and HL-60 cells. Factors other than the GSH content may have been involved in determining the cell damage such as an alteration in the membrane phospholipids. 27) A further study might clarify details of the mechanism involved in these two sulfide-induced cell apoptosis effects.
